Microstructural analysis was performed for Mn-Bi prepared by in-eld solid-phase reactive sintering, in order to investigate the origin of magnetic eld effects on the reaction. The number of formed MnBi phase around Mn grain in 10 T was almost 3 times larger than that in a zero eld. The results indicated that the magnetic eld enhanced the phase formation rate of MnBi phase. Due to the enhancement of the phase formation rate, the fraction of MnBi phase was drastically increased by in-eld annealing.
Introduction
Materials processing under magnetic elds can improve the function of the materials, such as magnetostrictions, coercivity elds and thermoelectric properties [1] [2] [3] . Magnetic eld effects on the solidi cation or phase formation of metallic materials are reported to be the suppression of the convection of the liquid ow, crystal orientation, grain size, and so on [4] [5] [6] . In order to control the morphology and magnetic properties, in-magnetic-eld annealing for Mn-Bi system has been studied 7, 8) because of the ferromagnetism and the large uniaxial magnetic anisotropy of MnBi phase. The uniaxially oriented and elongated MnBi grains formed in the Bi matrix during the semi-melt process under magnetic elds 5) . Furthermore, it was also found that the magnetic elds change the phase equilibrium on ferromagnetic MnBi 9) . The peritectic temperature of MnBi increased by 82 K with applying magnetic eld of 45 T 9) . In addition, not only the phase equilibrium but also the reaction of Mn-Bi system was in uenced by magnetic eld. The reaction from Mn + Bi to ferromagnetic MnBi was enhanced by in-eld solid-phase reactive sintering 10) . Although the magnetic eld effects on the reaction were clearly observed, the origin of magnetic eld effects is not investigated in detail. It was pointed out that magnetic eld probably in uenced the formation enthalpy of MnBi phase, the activation energy of the reaction and the atomic diffusion between Mn and Bi.
In this study, in order to investigate the origin of the magnetic elds effects on the solid-phase reaction, microstructural analysis of the ferromagnetic MnBi prepared by in-eld reaction was studied. The observation of the morphology was performed to evaluate the magnetic eld effect on the phase formation and crystal growth.
Experimental
Mn-50at%Bi alloy was prepared by solid-phase reactive sintering method after pressing the mixed powder of Mn (< 150 μm) and Bi (< 150 μm). The obtained pellet-shaped samples with 10 mm in diameter and 8 mm in thickness were sealed in a quartz tube with argon gas. After that, the heat treatments were carried out at 523 K for 3 h and 12 h with or without magnetic eld of 10 T. The annealing temperature was chosen as just lower than eutectic temperature of Mn and Bi. Herein, it is noted that the eutectic temperature of Mn and Bi was not in uenced by magnetic elds 11) . That is, this reactive sintering was Mn (solid) + Bi (solid) → MnBi (solid). The magnetic eld was generated by a cryogen-free superconducting magnet. The heat treatment was performed by using the electric furnace utilized for the cryogen-free superconducting magnet 12) . The applied magnetic eld direction was parallel to the thickness of the pellet. The obtained sample was cut for measurements. The observed plane was perpendicular to thickness of the pellet. For the characterization of the phases in the samples, powder X-ray diffraction measurements (XRD) were performed. The microstructure of the sample was observed by the electron probe micro analyzer (EPMA).
The number of formed MnBi phase around a Mn grain, N MnBi , and the area of MnBi phase, f MnBi , were evaluated by the backscattered electron (BSE) images by dividing into the area of 2 μm × 2 μm. When the reaction proceeds, the MnBi phases exist around the Mn grains such as peritectic reaction. In this study, about ten Mn grains with d 100 μm were analyzed for each experimental condition. Figure 1 shows the powder XRD patterns of samples sintered at 523 K for 3 h in a zero eld (a), 3 h in 10 T (b), 12 h in a zero eld (c), and 12 h in 10 T (d). As seen in Fig. 1 (a) and (c), the small diffraction peaks of MnBi were observed. This result shows that the reaction did not almost proceed in a zero eld. The diffraction peaks of the MnBi phase in the sample sintered in 10 T was larger than that sintered in a zero eld. This indicated that reaction from Mn + Bi to MnBi was enhanced by magnetic eld, which was consistent with the previous studies 10, 13) . *1 Graduate Student, Kagoshima University *2 Corresponding author, E-mail: mitsui@sci.kagoshima-u.ac.jp Figure 2 shows the BSE images for the sample sintered for 3 h in a zero eld (a), 3 h in 10 T (b), 12 h in a zero eld (c), and 12 h in 10 T (d). The white, gray, and black area indicate Bi, MnBi, and Mn phases, respectively. The arrows in this gure indicate the existence of MnBi phase. For all BSE images, the MnBi phase was observed around Mn grains in Bi matrix. At the initial stage of the reactive sintering, the grain boundary diffusion between Mn and Bi occurs, and MnBi phase forms at the grain boundary. A small number of the MnBi phase existed around Mn grains in 0 T, and the area of the MnBi phase was small. For increasing the annealing time from 3 h to 12 h in 0 T, the increase of the number and area of the MnBi phase did not clearly observed. Thus, the reaction proceeded slightly in a zero eld.
Results and Discussions
As seen in Fig. 2 (a) and (b), the number of MnBi phase around Mn grain for 10 T was larger than that for 3 h in 0 T. In addition, the MnBi phase also formed at the crack of the Mn grains in 10 T (Fig. 2 (b) ). The total area of MnBi phase of the sample sintered under 10 T was larger than that sintered under a zero eld. It is seen that the formed MnBi phases spread and connected each other for the annealing time of 12 h under 10 T as shown in Fig. 2 (d) . Table 1 shows the number of formed MnBi phase around one Mn grain, N MnBi , and the reacted fraction of MnBi phase, f MnBi . The f MnBi was evaluated by the ratio of the area of MnBi phase to the total areas of Mn and MnBi phases. The N MnBi for t = 3 h under 10 T was about 3 times larger than that under a zero eld. The f MnBi for t = 3 h under 10 T was about 4 times larger than that in a zero eld, resulting in an enhancement of the reaction. In addition, the f MnBi /N MnBi was almost same for t = 3 h under 0 T and 10 T. These results indicated that the diffusion at the boundary between Mn and Bi grain and subsequently formation of MnBi phase were in uenced by magnetic elds.
With increasing t in 10 T, the f MnBi /N MnBi increased. As seen in the BSE image ( Fig. 2 (d) ), this is due to the crystal growth of the MnBi phase, and the decrease of the number of MnBi phase. On the contrary to this, N MnBi and f MnBi were not signi cantly changed for t = 12 h in a zero eld (Fig. 2 (c) ). Thus, when MnBi phase did not form at initial stage, the reaction did not proceed. These obtained results suggested that the initial stage of the reaction played a key role for the reaction process. Magnetic eld assists the initial phase formation, resulting in the enhancement of the fraction. In order to con rm N MnBi that is important factor for the proceeding of the reaction, the heat treatment was carried out at 523 K for 9 h at a zero eld after sintering for 3 h in 10 T. Figure 3 shows the XRD pattern (a) and BSE image (b) of sample sintered at 523 K for 9 h in a zero eld after sintering for 3 h in 10 T. As shown in Fig. 3 (a) , the diffraction intensity of MnBi phase was clearly larger than that for 12 h in 0 T. In addition, as seen in Fig. 3 (b) , MnBi phase was grown around the Mn grains, which was larger than that for 12 h in 0 T. Table 2 shows N MnBi , f MnBi and N MnBi /f MnBi at 523 K for the sample which was shown in Fig. 3 . The obtained parameters were almost same as that sintered for 12 h in 10 T. This result showed that N MnBi played a key role for the proceeding of the reaction. Consequently, it is found that magnetic eld mainly in uenced the number of formed MnBi phase around Mn grains, which is the main reason of the enhancement of the reaction. Figure 4 shows the schematic view of the reactive sintering process in the initial stage. According to the model of reactive sintering 14) , the reaction and the crystal growth proceeds as below. At rst, grain boundary diffusion and initial phase formation between Mn and Bi occur. After that, the initial reacted phase forms at boundary and the reacted phase spread out around the boundary. In a zero eld, the number of the initial phase formation of MnBi phase was small (Fig. 4 (c) ). Therefore, the subsequent crystal growth of MnBi phase did not proceed (Fig. 4 (e) ). In comparison, the magnetic eld enhanced the number of the initial formed ferromagnetic MnBi phase around the Mn particles (Fig. 4 (d) ), resulting in the spread of MnBi phase (Fig. 4 (f) ). In this study, initial phase formation was observed for t = 3 h, and the spread of the reacted phase was seen for t = 12 h.
The initial phase formation, internal diffusion and the subsequently crystal growth processes were probably in uenced by magnetic eld. It is unclear which process is mainly effective for magnetic elds at present. However, it is considered that the one of the origin for the magnetic eld effect is the gain of Zeeman energy for ferromagnetic MnBi 9, 10) . According to some reports for magnetic eld effects on the nucleation of ferromagnetic materials 15, 16) , the nucleation rate increased by magnetic eld, because Zeeman energy in uenced the critical radius of nuclei. Moreover, the enhancement of the reaction was induced by the decrease of free energy of MnBi phase by the gain of Zeeman energy under magnetic eld, resulting in the enhancement of the formation enthalpy. When the MnBi phase formed, the formation enthalpy changed the reaction heat. Because the Zeeman energy was reported to be only 3% at 15 T for the formation enthalpy, this enhancement of reaction heat probably assists the subsequently reactions 10) .
Conclusions
The magnetic eld effect on the solid-phase reactive sintering of MnBi was investigated by microstructural analysis. The fraction of reacted MnBi phase was enhanced by the application of magnetic elds. From BSE images, the number of formed MnBi phase around the Mn grains was increased by in-eld annealing. This enhancement of the phase formation rate in the initial stage of the reaction plays important role for the reaction from Mn + Bi to MnBi. Table 2 Number of formed MnBi and reacted fraction MnBi at 523 K for 9 h in a zero elds after sintering for 3 h in 10 T and 12 h in 10 T by BSE images. 
